A large body of work has investigated the influence of the excitation pulse, agent size distribution and the ambient pressure on the subharmonic response of microbubble contrast agents (MCA). The purpose of this study was to investigate the temporal evolution of the subharmonic emissions, i.e., whether the subharmonic response is influenced by the time elapsed since agent constitution. We measured subharmonic emissions from a commercial lipid-encapsulated contrast agent (Targestar-P®, Targeson Inc, San Diego, CA,USA) over the time span of 60 minutes. The excitation parameters were: 10-MHz frequency, 30 -290 kPa pressures, 60 cycles, and 1-kHz pulse repetition frequency. The subharmonic emissions were observed to increase by 11 dB over 60 minutes relative to those measured immediately after reconstitution. The most striking increase (> 8 dB) was observed in the first 15 minutes. Although we did not observe a change in the agent size distribution, the pressure threshold for subharmonic emissions reduced by nearly two-fold within the time span of our measurements. This work demonstrates that time evolution of subharmonic emissions could bias quantitative estimates obtained from techniques such as subharmonic imaging and subharmonic-aided pressure estimation. Additionally, these findings suggest the possibility for improving subharmonic emission by careful agent design.®
INTRODUCTION
Encapsulated-microbubbles are routinely used as contrast media for ultrasound imaging (Goldberg, 2001) . When excited with ultrasound, microbubble contrast agents (MCA) undergo volumetric oscillations; emitting energy in linear and nonlinear modes (Shi et al., 1999b) . When the incident acoustic pressure exceeds a certain threshold, subharmonic emissions are observed (Shankar et al., 1998 (Shankar et al., , 1999 . Subharmonic response is unique to MCA -it is not observed in tissues. Therefore, subharmonic imaging can achieve high agent-to-tissue contrast by preferentially visualizing ultrasound echoes at the subharmonic frequency of the excitation pulse (Goertz et al., 2005) . Several researchers are investigating subharmonic imaging for applications such as high-frequency microcirculation imaging (Goertz et al., 2005 (Goertz et al., , 2007 .
Recently, it has been demonstrated that the subharmonic response of MCA is sensitive to changes in ambient pressure (Shi et al., 1999a; Katiyar et al., 2011; Halldorsdottir et al., 2011) . This phenomenon could have potential clinical application in non-invasive pressure estimation (Dave et al., 2012) . In view of these emerging applications, an accurate characterization of the subharmonic response of MCA is important.
The physical understanding of the factors that influence the subharmonic behavior of MCA is still evolving. For instance, it has been reported that lipid-encapsulated MCA demonstrate subharmonic emissions at lower threshold pressures than their polymer-encapsulated counterparts -an observation attributed to the flexibility of lipid coatings (Ketterling et al., 2007) . Subharmonics are known to increase with increasing peak-pressure and pulse duration of the excitation pulse (Forsberg et al., 2000) . The subharmonic response depends on the shape of the excitation waveform -specialized pulsing sequences such as chirp-coded excitation have been reported for enhancing subharmonic emissions from the agent (Zhang et al., 2007 (Zhang et al., , 2009 Shekhar and Doyley, 2012; Daeichin et al., 2012) . Adapting the size distribution of microbubble contrast agents according to the frequency of excitation has been shown to enhance subharmonic activity (Cheung et al., 2008) . Recently, it was also demonstrated that an increase in ambient pressure can decrease or increase subharmonic emissions, depending on the resonance frequency of the agent and the excitation frequency (Katiyar et al., 2011; Frinking et al., 2010) .
Despite these advances, the temporal evolution of the subharmonic emissions has not been previously explored. We hypothesized that the subharmonic response could be influenced by the time elapsed since agent constitution. To corroborate this hypothesis, we conducted acoustic measurements with a lipid-encapsulated contrast agent (Targestar-P ® ), at 10-MHz excitation frequencies.
EXPERIMENTAL METHODS

Acoustic Response Measurements and Agent Characterization
Acoustic measurements were conducted with a pair of single-element transducers -a 10-MHz transmitting transducer (Model A 312 S, Olympus NDT, Waltham, MA, USA) and a 5 MHz receiving transducer (Model V 310 S, Olympus NDT ) aligned confocally at right angles. A schematic of the experimental setup used is shown in Fig. 1 . The transmission pulse parameters used in the experiments were: 10-MHz frequency, 30 -290 kPa pressures, 64 cycles, and 1-kHz pulse repetition frequency. The agent was constituted in a beaker to create a stock solution with a concentration of 4 × 10 6 microbubbles/ml. Twenty ml of this solution was withdrawn immediately and placed in an acoustically transparent chamber that was situated in the confocal region of the two transducers. An arbitrary waveform generator (Model 81150 A, Agilent, Santa Clara, CA, USA) was used to generate excitation pulses, which were amplified with a 40 dB linear power amplifier (Electronic Navigation Industries, Rochester, NY, USA) and used to excite the 10-MHz transducer. The echoes received from the agent by the 5-MHz transducer were conditioned by a preamplifier (DPR300, JSR Electronics, Pittsford, NY, USA) and then digitized at 500 MHz and 12-bit resolution with a digital oscilloscope (Model Waverunner 44 MXI, Lecroy Inc, Chester Ridge, NY, USA). Five groups of RF waveforms, each consisting of 40 traces, were acquired for each transmit pressure, and stored to disc and analyzed offline with MATLAB T M (The Mathworks Inc. Natick, MA, USA).
We recorded the acoustic response of the agent at 15-minute intervals over 60 minutes since the time of agent constitution. While conducting experiments, precautions were taken to to avoid floatation effects -the agent in the acoustically-transparent chamber was gently homogenized before each measurement . After completing data-collection for each time point, the agent was replaced with fresh agent from the stock solution, to avoid confounding factors such as agent disruption or acoustic conditioning of agent shell from impacting our results.
Alongside acoustic measurements, we also measured the size distribution of the agent at 15-minute intervals over the time span of 60 minutes using a Casy T M counter (Model TTC, Roche Innovatis AG, Switzerland), to ascertain if the size distribution had changed over this period. This device employs electrozone sensing method to estimate the size distribution and the concentration of the agent (Sennoga et al., 2012) . 
Data Analysis
The subharmonic response of the agent was visualized by computing the spectrum of the received signal. The received signal was hamming windowed before computing the spectra and frequency spectra obtained from 40 traces were averaged to reduce noise. The strength of the subharmonic response was quantified using the subharmonic-to-fundamental ratio of the agent spectra. For each transmit pressure, 5 such measurements were obtained, and corresponding mean value and standard deviation were computed.
RESULTS AND DISCUSSION
The results demonstrated a considerable increase in subharmonic emissions -nearly 11 dB over 60 minutes, relative to those measured immediately after reconstitution. The most striking increase (> 8 dB) was observed in the first 15 minutes (Fig. 2 and Fig. 3) . The pressure threshold for subharmonic emissions was also reduced by over two-fold within the time span of our measurements (Fig. 3) . However, we did not observe any noticeable change in the agent size distribution, or the agent concentration (based on Casy T M counter measurements) over the time span of our experiments (Figure 4) . Therefore, a change in size distribution over time does not appear to be the mechanism behind the increase in subharmonic emissions. Currently, we are conducting studies to identify the exact mechanism behind the observed changes in the subharmonic response. the quantification of perfusion, microcirculation density, and subharmonic-aided pressure estimation extract quantitative information from the subharmonic response of the agent. A temporal variation in the aforementioned response may bias such estimates, and hamper their clinical usefulness. Further, a fundamental understanding of this phenomenon could help design more effective contrast agents for applications that exploit the subharmonic response.
CONCLUSIONS
It was demonstrated that the subharmonic response of the agent increases as time elapses since the constitution of the agent. This time-evolution phenomenon could bias quantitative estimates obtained from techniques such as subharmonic imaging and subharmonic-aided pressure estimation. Additionally, these findings suggest the possibility for improving subharmonic emission by careful agent design. The mechanism behind the observed phenomenon is currently under investigation.
